Abstract This review of clinical catecholamine neurochemistry is based on the Streeten Memorial Lecture at the 19th annual meeting of the American Autonomic Society and lectures at a satellite of the 6th Congress of the International Society of Autonomic Neuroscience. Here I provide historical perspective, describe sources and meanings of plasma levels of catecholamines and their metabolites, present a model of a sympathetic noradrenergic neuron that conveys how particular aspects of sympathetic nervous function affect plasma levels of catecholamines and their metabolites, and apply the model to understand plasma neurochemical patterns associated with some drugs and disease states.
Historical perspective
The chemical birth of a new era
The most famous member of the catecholamine chemical family has two names, adrenaline and epinephrine (EPI). Its precursor, the chemical messenger of the sympathetic nervous system, also has two names, noradrenaline and norepinephrine (NE). Here is how this double naming came about.
After the reports by Oliver and Schäfer about the unexpected and profoundly powerful effects of injected extracts of the adrenal gland [101] , researchers worldwide were eager to identify the ''active principle.'' One of these was John Jacob Abel, of Johns Hopkins, who devoted about a decade of his life to the project. The first person to isolate the active principle of the adrenal gland, however, was a chemist in the laboratory of Jokichi Takamine.
Takamine visited Abel in Baltimore 1900. In a transcript of a 1927 lecture that I found in the Abel Library at the Johns Hopkins School of Medicine, Abel recalled the visit and its consequences:
After I had completed the above described investigation and while I was still endeavoring to improve my processes, I was visited one day by the Japanese chemist, J. Takamine, who examined with great interest the various compounds and salts of epinephrine that were placed before him. He inquired particularly whether I did not think it possible that my salts of epinephrine could be prepared by a simpler process than mine, more especially without the trouble and in this case wasteful process of benzoylating extracts of an animal tissue. He remarked in this connection that he loved to plant a seed and see it grow in the technical field. I told Takamine that I was quite of his opinion and that the process could no doubt be improved and simplified.
… Takamine prepared supra-renal extracts more concentrated than mine and without first attempting to separate the hormone from its numerous concomitants by benzoylating or otherwise, simply added ammonia-the reagent that I had so long employed-to his concentrated extracts, whereupon he immediately obtained the native base in the form of burr-like clusters of minute prisms in place of the amorphous base. I have often asked why I had not myself attempted to solve the problem in this very simple fashion. The truth is that I had tried to do so but always found that the dilute extract tested simply turned pink in a short time on the addition of ammonia without depositing the base either crystallized or amorphous…. Takamine's success was due to the employment of ammonia on very highly concentrated, though impure extracts…. The efforts of years on my part in this once mysterious field of suprarenal, medullary biochemistry, marred by blunders as they were, eventuated, then, in the isolation of the hormone not in the form of the free base but in that of its monobenzoyl derivative.
William MacNider, then dean of the medical school of the University of North Carolina at Chapel Hill, commented, ''This extremely important and frank statement of the chemical birth of a new era in the understanding of tissue activity portrays as no words could the industry persisted into the point of physical exhaustion, the frankness, the complete honesty untouched by jealousy or recrimination of a nobleman in the domain of science.'' After Takamine's visit with Abel, Keizo Uenaka, whom Takamine had hired as a chemist, successfully crystallized and therefore isolated in pure form what Takamine called ''adrenaline.'' In 1901, Takamine reported in the Journal of Physiology this first successful crystallization of a hormone. Almost simultaneously, Thomas Aldrich, a colleague of Takamine at Parke-Davis (and possibly not coincidentally a former assistant of Abel at Johns Hopkins), correctly deduced its chemical structure. Up to that point Abel had failed in his attempts to isolate the active principle of the adrenal gland, and he never published the correct chemical structure. Medical historians give Takamine and Aldrich the credit for one of medical history's most important scientific feats, the first identification of a hormone. In 1904, Friedrich Stolz synthesized EPI entirely chemically, so that EPI was also the first hormone to be produced artificially in a laboratory.
Takamine patented Adrenalin and went on to found three companies, one of which, Sankyo Pharmaceutical Company, merged with another drug company to become the modern day Daiichi Sankyo concern. Takamine also financed the gift of cherry trees that have graced Washington, DC's Tidal Basin to this day.
Abel continued to pursue his career goal of identifying, isolating, and purifying hormones. He crystallized insulin in 1926. Until his death in 1938 he ran a renowned laboratory and teaching program at Johns Hopkins. He helped found the American Society for Pharmacology and Experimental Therapeutics and served as editor of the society's official journal, the Journal of Pharmacology and Experimental Therapeutics (JPET), for 23 years. He also founded the Journal of Biological Chemistry (JBC). JPET and JBC remain prestigious journals in pharmacology and biochemistry. Abel never rivaled Takamine in monetary success, but he did acquire the wealth of a good name. Scientific reports in American journals such as JPET still use the word that Abel introduced, ''epinephrine,'' whereas European journals use Takamine's ''adrenaline.' ' Abel always maintained that Takamine's adrenaline was impure. In this assertion he undoubtedly was correct. The drug Parke-Davis sold for many years as Adrenalin was a purified extract of adrenal gland tissue and therefore must have contained not only EPI but a mixture of all three catecholamines of the body, EPI, NE, and dopamine (DA). NE would have been the main contaminant. DA was first synthesized in 1910 but was not identified as a normal constituent of the adrenal gland until the early 1950s. DA is present in only quite small concentrations in the adrenal gland compared with concentrations of EPI and NE. Today Adrenalin contains chemically synthesized EPI.
The Nobel chemicals
Discoveries about NE, EPI, and DA have led to many Nobel Prizes over several decades. This section presents some of these discoveries, which affirm the continuing importance of catecholamine systems in science and medicine.
After release of NE from sympathetic nerves, NE undergoes inactivation mainly by a conservative recycling process, in which sympathetic nerves take up NE from the extracellular fluid (Uptake-1). Once back inside the nerve cells, most of the NE is translocated into storage vesicles. Julius Axelrod's studies about the disposition of catecholamines introduced the idea that termination of the actions of some neurotransmitters depends on neuronal reuptake. 
Sources and significance of plasma catecholamines and their metabolites
Catecholamines are catechols, which are chemicals that have adjacent hydroxyl groups on a benzene ring. Catechol itself does not exist in the human body, but compounds that contain catechol as part of their molecular structure are called catechols.
Human plasma normally contains six catechols. Three are the catecholamines, NE, EPI, and DA. Another is L-DOPA. Two others are metabolites of the catecholamines. Dihydroxyphenylglycol (DHPG) is the main neuronal metabolite of NE, and dihydroxyphenylacetic acid (DOPAC) is the main neuronal metabolite of DA.
Plasma norepinephrine NE became available commercially as a drug in 1908 and is still used clinically under the brand name Levophed, such as to treat hypotensive states. Methods to measure endogenous NE in plasma were introduced more recently, by colorimetric, fluorimetric, radioenzymatic, and finally liquid chromatographic-electrochemical detection (LCED) methods. The LCED approach introduced in the late 1970s and validated in the early 1980s [46] is most common today. In LCED, the analytes of interest are separated by high-pressure liquid chromatography and quantified by amperometric or coulometric detection upon exposure of the column effluent to an oxidizing potential. The catecholamines in plasma usually are purified partially by batch alumina extraction before injection of the alumina eluate into the LCED apparatus.
NE in the bloodstream emanates mainly from networks of sympathetic nerves that enmesh blood vessels-especially arterioles-throughout the body and pervade organs such as the heart and kidneys. The caliber of the arterioles determines total peripheral resistance to blood flow. The sympathetic innervation of the smooth muscle cells in arteriolar walls therefore represents a focal point in neural regulation of the circulation. In the heart, sympathetic nerves form lattice-like networks around myocardial cells.
Only a small proportion of NE released from sympathetic nerves enters the bloodstream unchanged (Tables 1,  2 ; Fig. 1 ). The main route of inactivation is by reuptake into the nerve terminals by the Uptake-1 process mediated by the cell membrane NE transporter (NET). Under resting conditions most of NE produced in sympathetic nerves is metabolized before entry of the transmitter into the interstitial fluid or plasma.
Since plasma NE is derived from sympathetic nerves, plasma NE levels have been used widely to indicate sympathetic nervous system activity. The relationship between plasma NE levels and sympathetic nerve traffic is complex. This complexity does not invalidate plasma NE levels in diagnosis or assessment of drug effects, but it does mean that one must interpret plasma NE levels with care, keeping in mind the purpose of the test, characteristics of the patient, possible interacting effects of medications, and conditions at the time of sampling.
The plasma NE concentration depends on both the rate of release of NE into the plasma and the rate of removal from the plasma. Thus, a high plasma NE level does not necessarily indicate a high rate of sympathetic nerve traffic. Decreased removal of NE from the plasma via the NET can also increase plasma NE levels without a change in the rate of sympathetic nerve traffic. This is relevant to clinical laboratory evaluation of chronic autonomic failure, in which an orthostatic fall in plasma NE clearance can produce false-negative neurochemical results [97] .
For blood sampling from humans, most researchers use the antecubital vein. Since sympathetic nervous activity in the forearm and hand arm influences levels of NE in antecubital venous plasma, arm venous levels may not accurately reflect changes in sympathetic nervous activity elsewhere. In particular, mesenteric organs release NE into portal venous blood that is delivered to the liver, where NE is metabolized efficiently. Therefore, NE in systemic plasma does not reflect splanchnic sympathetic outflows. Any of several endogenous biochemicals have the potential to modulate release of NE from the nerve terminals. These include NE itself by activating alpha-2 adrenoceptors.
In some pathological states and in response to a variety of sympathomimetic amines NE may be released from sympathetic nerve terminals by a non-exocytotic mechanism. Cardiac ischemic anoxia exemplifies such a pathologic state [87] .
In virtually all organs some of released NE enters the venous drainage. The rate of entry of NE into the arterial plasma (''total body spillover'') can be measured using a tracer kinetic method, based on dilution of infused 3 H-NE by endogenous NE [34] . By applying the tracer dilution principle one can also calculate NE spillover in particular organs such as the heart, kidneys, mesenteric organs, forearm, and brain [35] . The measurement of regional NE spillover has an important limitation. Without other neurochemical information one cannot distinguish NE release from neuronal reuptake as determinants of NE spillover, in the whole body or in specific organs. A modification based on dilution not only of 3 H-NE but also of 3 H-normetanephrine (NMN) by the corresponding endogenous compounds enables such a distinction [86] . In the kidneys, NE release into interstitial fluid averages 3 times NE spillover, in skeletal muscle 12 times NE spillover, and in the heart more than 20 times NE spillover, due to efficient local neuronal reuptake of NE from the interstitial fluid.
Release of 3 H-NE from sympathetic nerves after neuronal uptake would complicate the tracer kinetic approach. Vesicular sequestration of cytosolic 3 H-NE is very efficient, however, so that release of 3 H-NE back into the bloodstream is negligible [21] .
Many studies have noted that both plasma NE concentrations and directly recorded skeletal muscle sympathetic activity increase with subject age [110] . The increased plasma NE concentrations appear to reflect both increased spillover and decreased clearance [36] .
Plasma dihydroxyphenylglycol
Dihydroxyphenylglycol is formed from NE in the sympathoneural cytosol by sequential deamination of NE to form dihydroxyphenylglycolaldehyde (DOPEGAL) and reduction of the aldehyde by aldehyde reductase/aldose reductase to form the glycol DHPG. DHPG diffuses rapidly across cell membranes into the extracellular fluid and from there into the bloodstream and into extraneuronal cells, where it is metabolized by COMT to form methoxyhydroxyphenylglycol (MHPG).
Cytosolic NE has two sources. Most comes from continuous vesicular leakage; a small, variable amount comes from uptake of NE from the extracellular fluid. Plasma DHPG has in essence the same sources [43] . Since vesicular leakage and axoplasmic deamination of NE are the main determinants of NE turnover, plasma DHPG offers a biochemical index of NE turnover, a parameter distinct from NE release.
Combined measurements of plasma NE and DHPG levels provide additional information about sympathetic nervous function that levels of neither compound alone provide. When sympathetically-mediated exocytosis increases, plasma levels of both NE and DHPG increase, the former because a small proportion of released NE spills over into the bloodstream and the latter because a portion of the released NE is taken up into the nerve terminals and deaminated. Increases in plasma NE levels from diminished reuptake of NE are not attended by increases in plasma DHPG levels, and the ratio of NE:DHPG increases in this setting. Conversely, an elevated plasma NE:DHPG ratio can help identify dysautonomia from NET hypofunction [112] ; however, there are several other potential determinants of an elevated NE:DHPG ratio in a given patient, including inhibition of MAO or of aldehyde/aldose reductase. Sustained sympathetic activation, by increasing the size of the readily releasable pool of vesicles, would also be expected to increase the NE:DHPG ratio [94] .
Measurements of 3 H-labeled and endogenous NE and DHPG enable estimation of rates of vesicular leakage, intraneuronal deamination of NE, and the proportion of released NE that undergoes reuptake into the nerve terminals. These estimates indicate a tremendously high exchange rate of amines between the axoplasm and the vesicles [25] , turnover of NE as a result of intraneuronal deamination mainly after leakage from vesicles into the axoplasm, and reuptake of endogenously released NE that varies from organ to organ and is especially prominent in the heart [22] . a Calculation based on renal removal or urinary excretion and therefore may underestimate total body clearance and spillover b Calculation based on one-half the published clearance from antecubital venous plasma
Plasma normetanephrine
Catechol-O-methyltransferase (COMT) catalyzes the O-methylation of the 3-hydroxyl group of catechols. The O-methylated derivative of L-DOPA is 3-methoxytyrosine (3-MT), of DA 3-methoxytyramine, of NE normetanephrine, and of EPI metanephrine (MN). The term ''metanephrines'' is used to refer to the latter two compounds. In most cells the O-methylated compounds that contain amine groups undergo further metabolic breakdown by MAO. Deamination of 3-methoxytyramine yields homovanillic acid (HVA) and of NMN and MN yields MHPG. In cells such as in the gut that express monoamine-preferring phenolsulfotransferase (SULT1A3) activity, the non-acidic metabolites, methoxytyramine, NMN, MN, and MHPG, undergo extensive sulfate-conjugation. Catecholamine metabolites can also be excreted as glucuronides in the bile or urine.
High levels of COMT are found in the liver, kidneys and other extraneuronal cells as well as in adrenomedullary chromaffin cells. Formation of NMN in the body therefore occurs from extraneuronal uptake and metabolism of NE released from sympathetic terminals and from O-methylation within the adrenal gland [30] . Because of the importance of reuptake and intraneuronal deamination of endogenously released NE, plasma NMN levels are lower than those of DHPG, despite similar clearances of the compounds from the plasma. The rate of extra-adrenal production of NMN provides a unique marker of extraneuronal metabolism of NE.
The common painkiller acetaminophen (Tylenol) interferes with the liquid chromatographic-electrochemical assay for plasma NMN. Patients undergoing blood sampling for assays of plasma levels of MNs should not take any medications containing acetaminophen for at least 3 days before the test.
Plasma methoxyhydroxyphenylglycol
Methoxyhydroxyphenylglycol in human plasma is derived from multiple sources, including (a) deamination of NMN after its cellular uptake; (b) deamination of NMN after cellular uptake and intracellular O-methylation of NE; (c) O-methylation of DHPG after its uptake from the circulation; and (d) O-methylation of DHPG after its uptake from the interstitial fluid but before its entry into the circulation. Of these sources the most prominent is the last [26] .
The metabolic fate of circulating MHPG is also complex and includes sulfation, glucuronidation, urinary excretion, and especially conversion by alcohol dehydrogenase and then aldehyde dehydrogenase (ALDH) to VMA in the liver [8] . Although earlier work suggested that plasma MHPG or MHPG-sulfate might reflect release of NE in the brain, plasma levels of these metabolites are derived mainly from NE turnover in the periphery.
Plasma vanillylmandelic acid
MHPG is converted to vanillylmandelic acid (VMA) by oxidation of the glycol catalyzed via alcohol dehydrogenase and oxidation of the resulting aldehyde via ALDH. Most of VMA production in humans comes from conversion from MHPG in the liver (Fig. 2) . Only small amounts of VMA are formed from O-methylation of dihydroxymandelic acid (DHMA), which is a minor metabolite of NE in humans. Circulating VMA and MHPG therefore are derived mainly from DHPG [29] and consequently from oxidative deamination of NE in sympathetic nerves by MAO. Accordingly, MAO plays a key role in the metabolic fate of NE (Fig. 1 ).
Plasma epinephrine
Since cells of the adrenal medulla secrete their contents directly into the bloodstream, plasma EPI levels generally reflect neural outflow to the adrenal medulla. Plasma EPI levels are very low in antecubital venous plasma of healthy volunteers at rest-as little as 30 pmol/L-lower than plasma levels of NE, which normally average about 1 nmol/ L. Whereas plasma levels of NE increase with advancing age, plasma EPI levels tend to decrease. Plasma EPI levels and urinary EPI excretion also tend to be lower in obese than in lean women and lower in women than in men [66, 69] .
Plasma EPI concentrations increase markedly and to a greater extent than do NE concentrations in response to hypoglycemia, hemorrhagic hypotension, asphyxia, circulatory collapse, and distress, presumably reflecting relatively greater adrenomedullary hormonal than sympathetic noradrenergic system activation. Even mild, asymptomatic hypoglycemia elicits larger increases in EPI than NE levels, and in the relatively benign form of circulatory failure represented by fainting, plasma EPI concentrations increase with smaller increases in plasma NE concentrations [42] . Across a variety of stressors, EPI responses are more closely related to corticotropin responses than to NE responses, indicating a close association of hypothalamicpituitary-adrenocortical (HPA) with adrenomedullary activation [58] .
Tracer kinetic studies have demonstrated EPI spillover in the heart during severe exercise and in some patients with essential hypertension [3] . Although extra-adrenal EPI synthesis and phenylethanolamine-N-methyltransferase (PNMT) have been reported in the heart, it is likely that the EPI released in the heart is derived from uptake from the circulation.
Plasma metanephrine
Under resting conditions most of the metabolism of EPI takes place before the hormone enters the bloodstream (Fig. 2) . Since adrenomedullary chromaffin cells possess COMT, MN constitutes a major metabolite of EPI before release of EPI into the extracellular fluid, whereas in sympathetic nerves, which contain MAO-A but not COMT, DHPG is the main metabolite of NE before release of NE into the extracellular fluid.
The fate of EPI that enters the bloodstream differs quantitatively from that of NE. EPI is a poorer substrate than is NE for Uptake-1 via the NET and a better substrate than is NE for extraneuronal uptake (Uptake-2). EPI is also a better substrate than NE for COMT. Because of these differences, more of circulating EPI than of circulating NE is metabolized by extraneuronal uptake and O-methylation.
Plasma MN levels are roughly the same as plasma NMN levels, even though plasma NE levels exceed EPI levels by about five-to tenfold. The relatively high MN concentration results from a much greater rate of production of EPI than of NE in adrenomedullary chromaffin cells, metabolism of adrenomedullary catecholamines by COMT, and a relatively high proportion of metabolism of circulating EPI by the same enzyme.
Plasma dopamine
Plasma DA concentrations are similar to those of EPI, but because of the much lower potency of DA than of EPI circulating DA does not act as a hormone. Stressors that elicit release of NE from sympathetic nerves produce much Fig. 2 Diagram of sympathoneural, hepatic, adrenomedullary, and gut contributions to plasma levels of catecholamines and their metabolites. DA-S DA sulfate, DHPG-S DHPG sulfate, MHPG-S MHPG sulfate, MN-S MN sulfate, mPST monoamine-preferring phenolsulfotransferase, NMN-S NMN sulfate larger increases in plasma NE levels than in plasma DA levels.
The finding of surprisingly high plasma levels of DA in humans undergoing tyramine infusion as part of autonomic function testing led to the proposal that infused tyramine releases endogenous DA or is converted to DA after cellular uptake of tyramine [77] . It is now known that tyramine stored in aqueous solution at 4°C undergoes slow spontaneous auto-oxidation to form DA [71] . Tyramine testing of autonomic function therefore should be done using either freshly prepared infusate or solution that has been stored at -70°C or colder.
The results of a recent study support the view that in humans, free (unconjugated) DA in plasma is derived substantially from sympathetic noradrenergic nerves [49] . DA is estimated to constitute only a very small proportion (about 2-4%) of the catecholamine released by sympathetic stimulation. The vesicles undergoing exocytosis from sympathetic nerves are estimated to contain about 25-50 times as much NE as DA.
DA outside the brain can function as an autocrineparacrine substance. This role is understood best in the case of the kidneys. Exogenously administered DA dilates renal blood vessels, increases glomerular filtration, and increases sodium excretion via specific receptors in the kidneys and also via inhibition of aldosterone secretion from the adrenal cortex. Proximal tubular cells express DA receptors and produce DA after uptake of L-DOPA from the circulation and decarboxylation catalyzed by L-aromatic-amino-acid decarboxylase (LA-AAD). In humans, virtually all of DA in urine comes from renal uptake and decarboxylation of L-DOPA [130] . DA produced in the adrenal cortex also appears to be derived from uptake and decarboxylation of circulating L-DOPA [11] .
Plasma dihydroxyphenylacetic acid
Dihydroxyphenylacetic acid is the product of oxidation of the catecholaldehyde resulting from deamination of DA, dihydroxyphenylacetaldehyde (DOPAL). Whereas the aldehyde intermediate produced upon oxidative deamination of NE (DOPEGAL) undergoes metabolism mainly by aldehyde reductase/aldose reductase to form DHPG, DOPAL is metabolized mainly by ALDH to form DOPAC. This difference helps explain why the main end-product of DA metabolism is HVA, whereas MHPG and VMA formed in the liver from MHPG are the main end-products of NE metabolism.
Plasma DOPAC levels average about 50 times those of DA, due to much slower clearance of DOPAC than of DA from the circulation and due to neuronal uptake of DA. At least some of plasma DOPAC is derived from metabolism of DA in the cytoplasm of sympathetic nerves. Thus, VMAT blockade by reserpine increases plasma DOPAC levels. Blockade of tyrosine hydroxylase (TH) by a-methyl-para-tyrosine treatment decreases plasma DOPAC levels, and patients with pure autonomic failure (PAF) associated with diffuse loss of sympathetic nerves have low plasma DOPAC levels [61] . Immobilization in rats rapidly increases plasma DOPAC levels [89] , and blockade of catecholamine biosynthesis by a-methyl-para-tyrosine prevents stress-induced increases in plasma DOPAC [88] .
Plasma DOPAC is also formed from metabolism of DA in non-neuronal cells of the gastrointestinal tract. Meal ingestion increases plasma DOPAC levels [63] , although the determinants of the dietary influences remain unknown.
Plasma dopamine sulfate
With the exceptions of acidic end-products of catecholamine metabolism (HVA and VMA), catecholamines and their metabolites are susceptible to sulfate conjugation by a specific sulfotransferase isoenzyme (monoamine-preferring phenolsulfotransferase, mPST, SULT1A3). In humans, a single amino acid substitution confers the enzyme with particularly high affinity for DA and the O-methylated metabolites of catecholamines, including NMN, MN, and methoxytyramine. SULT1A3 is found in high concentrations in mesenteric organs, which are the main source of the sulfate-conjugated metabolites [20] .
In humans at least 95% of DA in plasma circulates in sulfoconjugated form. Plasma DA sulfate results importantly from ordinary dietary constituents. In fasting normal volunteers, ingestion of a standard meal increases plasma DA sulfate levels more than 50-fold, with proportionately smaller increases in plasma levels of DA [20, 63] .
Most organs produce little DA sulfate as judged from increments in plasma levels of the compound between the arterial inflow and venous outflow. In the body as a whole DA sulfate production appears to come mainly from conjugation of DA in mesenteric organs [20] .
DA infusion into patients with deficiency of LAAAD markedly increases plasma DA sulfate levels [63] . Therefore, plasma DA sulfate derives at least partly from circulating DA; however, at least 90% of the sulfoconjugation of DA normally takes place before the DA enters the bloodstream, with little of plasma DA sulfate forming from circulating DA.
Plasma DA sulfate is not derived to any important extent from DA in sympathetic nerves. Thus, patients with PAF or multiple system atrophy (MSA) have normal plasma levels of DA sulfate [131] , and DA sulfate levels respond relatively little to acute exposure to various stressors such as exercise.
Clin
In summary, meal ingestion markedly increases plasma DA sulfate levels. This could result from actual ingestion of L-DOPA, DA, or DA sulfate, from conversion of ingested tyramine to DA, from actions of tyrosinase to generate L-DOPA in the gastrointestinal lumen, or from increased release and metabolism of endogenous DA in gastrointestinal lining cells. Tyrosine generated from breakdown of dietary protein can enter sympathetic nerves or other cells containing TH, resulting in production of L-DOPA outside the gastrointestinal tract. Some of this L-DOPA enters the bloodstream, and uptake and decarboxylation of circulating L-DOPA provides a means to generate DA sulfate continuously from endogenous DA. Since DA sulfate derives to a relatively small extent from circulating DA, in fasting subjects the rate of entry of DA sulfate into plasma might reflect DA production and turnover in mesenteric organs.
Plasma homovanillic acid
Plasma HVA levels are derived mainly from O-methylation of DOPAC in non-neuronal cells. This explains why COMT inhibition increases plasma DOPAC levels as HVA levels fall. The liver and kidneys possess high levels of COMT activity; however, in humans, a substantial proportion of HVA production takes place in mesenteric organs, from metabolism of DA formed locally from the actions of TH and LAAAD on tyrosine and from uptake and decarboxylation of circulating DOPA [18] .
Plasma DOPA L-DOPA is the precursor of the catecholamines and the immediate product of the rate-limiting step in catecholamine biosynthesis, conversion of tyrosine to L-DOPA by TH. L-DOPA therefore occupies a pivotal position in the function of effector systems that use catecholamines.
In humans plasma levels of L-DOPA exceed those of NE by about tenfold, due to much more rapid clearance of NE than of L-DOPA from the plasma. It was thought that all the L-DOPA synthesized in sympathetic nerve endings was converted rapidly to DA. Release of L-DOPA from sympathetic nerve endings into the bloodstream would not be expected; however, in humans there virtually always are increments of plasma L-DOPA levels between the arterial inflow and venous outflow in the limbs, heart, head, leg, adrenal gland, and gut [41, 64] .
Patients with sympathectomized limbs have no or reduced regional arteriovenous increments in L-DOPA levels [64] . Patients who have diseases associated with loss of sympathetic terminals in the heart have an analogous absence of the increment in plasma L-DOPA levels between the arterial inflow and coronary sinus outflow [55] . In laboratory animals chemical destruction of sympathetic nerve terminals eliminates regional arteriovenous increments in plasma L-DOPA levels in the hind limb, gut, and kidneys. These findings indicate a sympathoneural contribution to plasma L-DOPA levels.
Acute changes in arterial plasma L-DOPA levels probably reflect altered catecholamine biosynthesis in sympathetic nerves. Thus, in rats, immobilization increases L-DOPA levels in arterial plasma within a few minutes, and blockade of catecholamine biosynthesis or of sympathetic nerve traffic prevents these increases [88] . Nevertheless, in rats, chemical sympathectomy does not completely eliminate arterial plasma L-DOPA, and in dogs, chemical sympathectomy does not reduce arterial plasma L-DOPA levels at all. In humans, PAF is associated with decreased-but by no means absent-plasma L-DOPA levels [61] . These findings suggest important additional non-neuronal sources of L-DOPA in arterial plasma. The source of this residual L-DOPA is unknown. In normal volunteers, meal ingestion increases plasma L-DOPA levels [63] .
In order to maintain NE stores, the rate of synthesis of NE must balance the rate of turnover. This explains why the regional rate of entry of L-DOPA into the circulation correlates better with regional spillover of DHPG, an index of NE turnover, than with indices of NE release [29] .
Model of a sympathetic noradrenergic nerve
From a model of a sympathetic noradrenergic neuron ( Fig. 1 ) one can appreciate how particular aspects of sympathetic nervous function affect levels of catecholamines and their metabolites. NE synthesis NE synthesis begins with hydroxylation of tyrosine by TH to form the catechol amino acid L-DOPA in the neuronal cytoplasm. The reaction requires oxygen, iron, and tetrahydrobiopterin co-factor. L-DOPA undergoes enzymatic decarboxylation catalyzed by LAAAD to form DA. LAAAD requires pyridoxal phosphate (vitamin B-6) as a co-factor. One can monitor the reaction by the formation of carbon dioxide and autooxidation of DA to chromes that render the solution tannish in color and black pigmented precipitates.
DA conversion to NE is catalyzed by dopamine-betahydroxylase (DBH). DBH is a copper enzyme, and as discussed below diseases associated with abnormal copper transport can be detected by neurochemical indices of decreased DBH activity. Since DBH is localized to the storage vesicles, NE synthesis also requires the vesicular monoamine transporters (VMAT-1 and VMAT-2 are expressed in sympathetic neurons [17] ) and a proton pump that drives down intravesicular pH. DBH activity also depends on availability of ascorbic acid and oxygen.
Cells and neurons that express PNMT can convert NE to EPI. The reaction requires S-adenosyl methionine (SAMe) as the methyl donor. Importantly, cortisol is trophic for PNMT, so that disorders or drug treatments associated with decreased activity of the HPA axis involve decreased adrenomedullary EPI synthesis and turnover.
NE release and reuptake
Only a small percentage of stored NE is released during sympathetic stimulation. Of the released NE, most is taken back up into the neuronal cytoplasm via the Uptake-1 process mediated by the cell membrane NET. Because of the high efficiency of the NET, only a small proportion of released NE makes its way unchanged to the circulation.
Fate of cytoplasmic NE
Norepinephrine in vesicular stores leaks passively into the cytoplasm but under normal conditions is recycled efficiently by the VMAT. A small proportion of the NE in the cytoplasm undergoes enzymatic oxidative deamination catalyzed by monoamine oxidase (MAO), localized to the outer mitochondrial membrane, to form the catecholaldehyde, DOPEGAL. This extremely reactive compound undergoes conversion by aldose/aldehyde reductase (AR) to form DHPG, the main neuronal metabolite of NE.
Because of TH and LAAAD in the neuronal cytoplasm, DA is synthesized continuously in sympathetic nerves. Some of the cytoplasmic DA is also deaminated by MAO to form the catecholaldehyde, DOPAL. DOPAL is converted by ALDH to DOPAC. It is generally accepted that whereas DOPEGAL is metabolized mainly by AR to the glycol DHPG, DOPAL is metabolized mainly by ALDH to the acid DOPAC. Plasma levels of the acid metabolite of DOPEGAL, DHMA, and the alcohol metabolite of DOPAL, dihydroxyphenylethanol (DOPET), are normally below the detection limits of available assays.
Under resting conditions, most of the loss of NE from innervated tissues (turnover) results from net leakage and oxidative deamination of NE rather than reuptake of released NE.
Extraneuronal uptake and metabolism
Norepinephrine in the extracellular fluid is subject to extraneuronal uptake mediated by a transporter different from the NET (Uptake-2). Non-neuronal cells and adrenomedullary chromaffin cells contain COMT, which converts NE to NMN by 3-methoxylation, using SAMe as the methyl donor. Thus, NMN is not a catechol. Analogously, EPI taken up into non-neuronal cells is subject to enzymatic O-methylation to form MN. Because adrenomedullary chromaffin cells express COMT, plasma MN is derived mainly from net leakage of EPI from vesicular stores and thereby provides a measure of EPI turnover [30] .
Extraneuronal cells contain both MAO-A and MAO-B, whereas sympathetic nerves are thought to contain only MAO-A. In non-neuronal cells, NMN is deaminated and DHPG O-methylated to form MHPG, a major end product of NE metabolism. In the liver, MHPG is converted to VMA.
Especially in the gastrointestinal tract, DA is extensively sulfate-conjugated by monoamine-preferring sulfotransferase to form DA sulfate. About 99% of circulating DA is in the form of the sulfate conjugate. Catecholamines and their glycol metabolites also undergo enzymatic sulfoconjugation in the gut.
Most of DA and NE synthesis and metabolism in the body as a whole takes place not in the brain or in sympathetic nerves but in the gut [18, 19] . The functional significance of this high rate of synthesis and metabolism remain poorly understood. Because the venous drainage of the gut is directed to the liver via the portal vein, levels of catecholamines and other catechols in systemic plasma do not reflect the splanchnic contribution to overall catecholamine synthesis and metabolism in the body.
Drug effects on plasma catecholamines and their metabolites
In this section the model of the sympathetic noradrenergic neuron is used to predict neurochemical patterns associated with drugs.
Alpha-methyl-para-tyrosine
Alpha-methyl-para-tyrosine (metyrosine) competitively antagonizes TH. Plasma levels of DOPA, NE, DOPAC, and DHPG therefore decrease [64] . Alpha-methyl-paratyrosine is used to decrease catecholamine biosynthesis in patients with pheochromocytoma prior to surgery [117] . By inhibiting catecholamine synthesis, the drug produces depressed mood and Parkinsonism as long-term side effects [38] .
Carbidopa
Carbidopa, which is combined with levodopa in Sinemet, inhibits decarboxylation of levodopa to DA outside the brain. Plasma DOPA levels therefore increase [128] . Although carbidopa effectively inhibits LAAAD, the attained plasma L-DOPA concentration is so high (about 10,000 nmol/L) that plasma DOPAC levels typically increase by more than 20-fold (from about 7 to about 180 nmol/L), implying that patients taking Sinemet actually have substantially increased production and metabolism of DA outside the brain.
Clonidine
Clonidine is an alpha-2 adrenoceptor agonist that acts in the central nervous system to decrease sympathetic nervous system outflows and in the periphery at presynaptic receptors to decrease NE release from sympathetic nerve terminals [1] . By both effects clonidine decreases plasma NE levels. In patients with pheochromocytoma plasma NE levels can be increased because of release of NE into the bloodstream independently of the sympathetic nervous system. In such patients failure of clonidine to reduce plasma NE constitutes a positive diagnostic test result [28, 67] . Conversely, the combination of a high plasma NE level and a large fall in blood pressure in response to clonidine may identify patients with ''hypernoradrenergic hypertension'' [59] .
Yohimbine
Yohimbine exerts effects opposite to those of clonidine. Intravenous infusion of yohimbine increases sympathetic neural outflows and blocks alpha-2 adrenoceptors on sympathetic nerve terminals, thereby increasing plasma NE levels [68] . Yohimbine challenge testing can assess whether a patient with neurogenic orthostatic hypotension has releasable NE stores [107] , which can be a target for treatment. Yohimbine challenge testing can also reveal excessive NE release in patients with anxiety or panic disorder.
Ganglion blockade
Ganglion blockers such as trimethaphan (TRI) and pentolinium (PEN) interfere with ganglionic transmission by blocking neuronal acetylcholine receptors (nAChRs). These drugs produce symptoms and signs of both parasympathetic and sympathetic failure, including dry mouth, constant pulse rate, decreased sweating, fixed pupils, and orthostatic hypotension. Plasma NE levels fall [80] to a greater extent than do plasma DHPG levels [10] , consistent with ongoing NE turnover due to net leakage from vesicles into the neuronal cytoplasm. Plasma DOPA does not change, as expected due to unchanged NE synthesis [64] .
Tyramine
Indirectly acting sympathomimetic amines such as dextroamphetamine and tyramine release NE from sympathetic nerve endings and increase plasma NE levels. These drugs are substrates for both the NET and VMAT. Probably by intravesicular alkalinization they enhance NE leakage from storage vesicles into the axoplasm. They also interfere with the efficiency of the NET, resulting in transport of the axoplasmic NE into the extracellular fluid. In humans, infusion of tyramine or dextroamphetamine therefore increases plasma NE levels [60, 109] . During tyramine infusion plasma DHPG levels increase more than do plasma NE levels [48] , probably because of buildup of NE in the axoplasm.
Foodstuffs such as hard cheeses and red wines contain large amounts of tyramine. Normally dietary tyramine is metabolized in the gastrointestinal tract and liver before the amine can enter the systemic circulation. In patients taking an MAO inhibitor, tyramine is able to reach the sympathetic nerve terminals, and after neuronal and vesicular uptakes of tyramine paroxysmal hypertension can result from release of vesicular NE-a phenomenon termed the ''cheese effect'' [115] . Because of the susceptibility to severe hypertension due to the cheese effect MAO inhibitors have not had wide usage as antidepressants, despite their clinical efficacy.
Contamination of TYR infusates with DA can increase plasma DA levels artifactually [71, 78] . During infusion of relatively uncontaminated TYR, individual values for changes in plasma DA concentrations are positively correlated with those in NE [49] , consistent with a neuronal source of plasma DA.
Isoproterenol
Infusion of the beta-adrenoceptor agonist isoproterenol (ISO) increases plasma NE levels [65, 124] . The increases probably reflect a combination of agonist occupation of beta-2 adrenoceptors on sympathetic nerves [13] and reflexive stimulation of sympathetic outflows as a response to systemic vasodilation. Patients with chronic autonomic failure associated with generalized sympathetic noradrenergic denervation have attenuated plasma NE responses to infused ISO [113] .
Reserpine
Reserpine (RES) is a classical drug derived from the root of the Rauwolfia serpentina (Indian snakeroot) plant. A highly lipophilic drug, RES enters monoaminergic neurons and chromaffin cells and irreversibly blocks the type-1 and type-2 vesicular monoamine transporters (VMAT-1 and VMAT-2). RES administration rapidly increases net leakage of vesicular NE stores into the cytoplasm of sympathetic nerves and depletes NE stores [14] . Increased oxidative deamination of cytoplasmic NE catalyzed by MAO results in increased formation of DHPG, and plasma DHPG levels increase [26] . Subsequently, as vesicular NE stores become depleted, plasma DHPG decreases to low levels.
COMT inhibitors (entacapone)
Entacapone (ENT, brand name Comtan), an inhibitor of COMT, does not penetrate the blood-brain barrier. Since levodopa is a catechol, ENT treatment decreases plasma levels of 3-MT (3-methoxydopa) [7] . Combined treatment of PD with levodopa/carbidopa and ENT (brand name Stalevo) is thought to augment delivery of therapeutic levodopa to the brain. In humans, ENT does not increase peak plasma DOPA concentrations; however, the area under the curve for DOPA concentrations versus time is increased [84, 100] .
ENT does not appreciably affect plasma levels of catecholamines [118] , likely reflecting relatively minor effects of non-neuronal uptake and O-methylation on the fate of NE released from sympathetic nerves. On the other hand, ENT augments cardiac responses to infused EPI and ISO, and the drug combination can precipitate ventricular arrhythmias [73] .
MAO inhibitors
Monoamine oxidase figures much more prominently in the metabolic fate of DA and NE than does COMT, because sympathetic nerves do not express COMT. Plasma levels of DOPAC, the main deaminated metabolite of DA, and of DHPG, the main deaminated metabolite of NE, exceed by far those of the corresponding O-methylated metabolites, 3-MT and NMN.
There are two isoforms of MAO, MAO-A and MAO-B. The genes encoding MAO-A and MAO-B are located close to each other on the X-chromosome. Sympathetic nerves express MAO-A, whereas most extraneuronal cells express both MAO-A and MAO-B. Clorgyline selectively inhibits MAO-A, and selegiline (Deprenyl, Eldepryl) and rasagiline selectively inhibit MAO-B. It is because of the MAO-B selectivity that selegiline and rasagiline are not associated with the ''cheese effect.'' Unexpectedly, selegiline treatment decreases plasma DHPG levels in humans [27] , whereas it does not do so in rats [72] .
NET inhibitors
Tricyclic anti-depressants, cocaine, and amphetamines inhibit the cell membrane NET. The effects of these agents on plasma levels of NE and its metabolites are complex, because these drugs all enter the brain and can affect sympathetic neuronal outflows. Desipramine, a classical tricyclic anti-depressant, inhibits skeletal muscle sympathetic nerve traffic and decreases NE spillover in the body as a whole, the forearm, and the kidneys [37] . In contrast, desipramine increases plasma EPI levels, indicating differential effects on sympathetic noradrenergic outflows adrenomedullary outflows [23] . NET inhibition also decreases plasma DHPG levels, an effect that has been attributed to decreased NE turnover [132] . Desipramine abolishes plasma DHPG responses and augments plasma NE responses to yohimbine [132] .
In humans, intranasal cocaine increases blood pressure substantially. After taking into account baroreflexive sympathoinhibition, skeletal muscle sympathetic outflow is increased [79] . In cocaine addicts, i.v., cocaine increases plasma NE and EPI levels [116] .
Methylphenidate increases plasma EPI but not NE levels [126] . Because of an association of plasma EPI responses with neuroimaging evidence of striatal DA release, it has been suggested that striatal DA affects adrenomedullary outflow. Amphetamine increases plasma NE levels [60] .
Duloxetine, atomoxetine, and reboxetine are non-tricyclic antidepressants that block the NET. In humans, duloxetine increases plasma NE levels and reduces the plasma DHPG:NE ratio [125] . Reboxetine does not affect plasma NE levels during supine rest [96] , possibly because of counter-balancing effects of reuptake inhibition and decreased sympathetic neuronal outflow [120] . Reboxetine decreases plasma DHPG levels [105] . Amitriptyline also tends to increase plasma NE and decrease plasma DHPG levels, consistent with some NET inhibition [105] .
L-DOPS
L-threo-3,4-dihydroxyphenylserine (L-DOPS), a NE prodrug, is an investigational agent for neurogenic orthostatic hypotension.
After L-DOPS administration plasma NE levels increase [83] but by surprisingly little and insufficiently to increase of themselves to blood pressure [56] . In contrast with small increases in plasma NE levels there are robust increases in plasma DHPG and DHMA levels. The pressor response to L-DOPS therefore seems mainly to reflect actions on adrenoceptors within tissues by NE that has escaped extensive metabolic breakdown by MAO and COMT and has not yet reached the systemic circulation (Fig. 3) .
Plasma catecholamines and their metabolites in disease states
This section applies the model of the sympathetic noradrenergic neuron (Fig. 1) to understand catecholamine neurochemical patterns associated with some disease states.
Disorders of catecholamine biosynthesis

Tyrosine hydroxylase deficiency
Considering that TH is the rate-limiting enzyme in catecholamine biosynthesis it is not surprising that TH deficiency is an extremely rare pediatric disease. One would predict low plasma DOPA levels in this disease, but this has not been reported.
Disorders of tetrahydrobiopterin synthesis or regeneration
Tetrahydrobiopterin (BH4) is a required co-factor for TH, phenylalanine hydroxylase, tryptophan hydroxylase, and nitric oxide synthase. Several distinct genetic disorders attenuate BH4 synthesis or regeneration because of deficiencies of GTP cyclohydrolase I (GTPCH 1), 6-pyruvoyl tetrahydropterin synthase, sepiapterin reductase, dihydropteridine reductase (DHPR), or pterin-4 0 -carbinolamine dehydratase.
Autosomal dominant mutation of the gene encoding GTPCH 1, the rate-limiting enzyme in biosynthesis of BH4, produces DOPA-responsive dystonia (also called hereditary progressive dystonia with marked diurnal fluctuation and Segawa disease). Autosomal recessive GTPCH 1 deficiency with complete loss of enzyme activity produces severe, progressive neurodegeneration.
In DHPR deficiency, failure to regenerate BH4, which is absolutely required for tyrosine hydroxylation, results in low plasma DOPAC levels [47] . In contrast, in DBH deficiency, failure to convert DA to NE leads to high plasma DOPAC levels and low DHPG levels [5] .
L-Aromatic-amino-acid decarboxylase deficiency
Patients with LAAAD deficiency have high DOPA levels, whereas levels of DOPAC, DHPG, and DA sulfate are low, consistent with decreased conversion of DOPA to DA [119] .
Dopamine-beta-hydroxylase deficiency
Dopamine-beta-hydroxylase deficiency produces a distinctive biochemical pattern including elevated plasma L-DOPA levels and low or absent levels of NE [122] and the NE metabolite DHPG [5] . The buildup of plasma L-DOPA probably results from compensatorily increased tyrosine hydroxylation in sympathetic nerves. A high ratio of plasma L-DOPA:DHPG occurs also in Menkes disease and familial dysautonomia (FD), but the severity of decrease in plasma DHPG is worse in DBH deficiency.
In patients with DBH deficiency, treatment with the NE pro-drug L-threo-dihydroxyphenylserine (L-DOPS) is remarkably effective in ameliorating orthostatic hypotension. The extent of increase in blood pressure is correlated with the extent of increase in plasma NE [6] .
Menkes disease
Menkes disease is an X-linked recessive neurodevelopmental disorder resulting from mutation in a coppertransporting ATPase gene. Neonatal diagnosis is crucial for instituting treatment early enough to improve outcome. Since DBH requires copper as a co-factor, Menkes disease can be detected by relatively high concentrations of DA and its metabolites relative to those of NE and its metabolites. All patients with Menkes disease have high plasma DOPAC:DHPG and high DA:NE ratios [81] . Plasma DA:NE and DOPAC:DHPG ratios are remarkably sensitive and specific for diagnosing Menkes disease in at-risk newborns, introducing the possibility of newborn screening for this otherwise lethal disease [82] .
Familial dysautonomia
Familial dysautonomia, also known as Riley-Day syndrome and hereditary sensory and autonomic neuropathy type III, is a rare inherited disorder transmitted as an autosomal recessive trait in individuals of Ashkenazic extraction. FD features extensive sensory and autonomic dysfunction. The etiologic basis is mutation of the gene, IKBKAP. The most common mutation causes a splicing alteration that leads to tissue-specific decreased expression of IkappaB kinase-associated protein-especially in neuronal tissue [114] . Several target genes are down-regulated, and many of the down-regulated genes participate in cell migration and survival. This may explain neuropathological findings such as diminished numbers of small nerve fibers and neuronal loss in dorsal root ganglia [104] . A decrease in sympathetic neuronal innervation in FD seems to be pervasive, involving the skin [70] , renal blood vessels [103] , and heart [45] .
FD patients have deficient orthostatic increments in plasma NE levels [133] and low plasma ratios of DOPA:DHPG [4] . The elevated DOPA:DHPG ratios probably reflect compensatorily increased NE production in a decreased complement of sympathetic nerves, in line with the post-mortem histopathologic finding of increased TH immunoreactivity in sympathetic ganglionic neurons [102] .
In a long-term follow-up study there were no changes in plasma levels of individual catechols in FD; however, there were further increases in DOPA:DHPG ratios [50] . In FD, plasma catechol profiles seem sufficiently stable at least over a decade to be used as a biomarker of disease involvement. An increasing DOPA:DHPG ratio suggests slight but consistent further loss of noradrenergic terminals.
Disorders of catecholamine metabolism
Monoamine oxidase deficiency
The genes encoding the two subtypes of MAO exist very close to each other on the X-chromosome. Deficiency of MAO-A manifests clinically and neurochemically entirely differently from that of MAO-B. Whereas MAO-B deficiency produces few if any neurobehavioral consequences, MAO-A deficiency produces an inherited tendency to violent anti-social behavior. Patients with MAO-A deficiency have very low plasma DOPAC levels [91] , whereas patients with MAO-B deficiency have normal plasma DOPAC levels, consistent with the intraneuronal site of MAO-A.
Neoplastic disorders of catecholaminergic cells
Pheochromocytoma
Patients with symptoms or signs from pheochromocytoma virtually always have high plasma NMN or MN levels, reflecting metabolism of NE or EPI in the tumor before release of the catecholamines into the circulation. Plasma levels of MNs (NMN and MN) constitute the most sensitive blood test to detect pheochromocytoma devised so far [90] . The sensitivity exceeds that of plasma NE and EPI levels, because catecholamines produced in the tumor undergo metabolism continuously by COMT.
Most pheochromocytomas secrete predominantly NE, many produce both NE and EPI, and more rarely others secrete predominantly EPI. The differences in catecholamine secretion reflect differences in expression of catecholamine biosynthetic enzymes and can explain differences in presenting symptoms. Paroxysmal hypertension and symptoms such as palpitations, anxiety, dyspnea and hyperglycemia are more common in patients with pheochromocytomas producing EPI than producing NE. Pheochromocytomas in patients with multiple endocrine neoplasia, Type 2 (MEN 2) can produce EPI and have an adrenergic phenotype, while those from patients with von Hippel-Lindau (VHL) disease have a noradrenergic phenotype [31] . Thus, differences in biochemical and clinical presentation of pheochromocytoma can reflect the different underlying mutations.
Patients with malignant pheochromocytoma also have elevated plasma L-DOPA levels [62] . Malignant pheochromocytoma cells appear to be so undifferentiated that although they can hydroxylate tyrosine to form L-DOPA they often do not decarboxylate L-DOPA efficiently to form DA or hydroxylate DA to form NE.
Neuroblastoma
Neuroblastoma constitutes one of the most common solid cancers of children. As the name of the tumor suggests, neuroblastoma cells derive from the neural crest in embryological development, and they contain TH. Patients harboring a neuroblastoma have high-sometimes spectacularly high-plasma L-DOPA levels [62] . Cultured human neuroblastoma cell lines contain little if any catecholamine.
Melanoma
High plasma L-DOPA levels occur in malignant melanoma [39, 92] . The tumor cells do not contain TH but do contain high levels of tyrosinase, and L-DOPA is produced in phase I melanogenesis, either from direct oxidation of tyrosine or from dopaquinone.
Adrenocortical-adrenomedullary disorders
Addison's disease
Addison's disease is usually due to an autoimmune adrenalitis of the adrenal cortex. The disease involves impaired adrenal medullary secretion of EPI. The medulla is intact, but plasma levels of EPI are decreased [9] . This occurs despite glucocorticoid replacement, indicating that the normal high intra-adrenal steroid levels are required for adequate production of catecholamines in the human adrenal medulla. EPI secretion is also impaired in secondary adrenocortical insufficiency in children with hypocorticotropic hypopituitarism, further supporting the importance of a local source of steroids for adrenal medullary release of catecholamines.
21-Hydroxylase deficiency
Patients with severe 21-hydroxylase deficiency have markedly decreased plasma concentrations of EPI associated with incomplete formation of the adrenal medulla [98] . These patients have low plasma concentrations of MN, consistent with decreased adrenal medullary stores of EPI.
Chronic autonomic failure syndromes Primary chronic autonomic failure syndromes have been classified into PAF, MSA, and PD with autonomic failure. The three conditions differ clearly in patterns of plasma catechols and MNs, which generally fit with the concept of generalized loss of sympathoadrenomedullary cells in PAF, intact sympathoadrenomedullary cells in MSA, and intact adrenomedullary cells but organ-selective sympathetic denervation, especially in the heart, in PD. Because of severe baroreflex-sympathoneural failure that is characteristic of chronic autonomic failure syndromes, they all involve subnormal orthostatic increments in plasma NE levels [134] .
Pure autonomic failure
Pure autonomic failure is associated with generalized noradrenergic denervation. Patients with PAF therefore have low NE, DHPG, and NMN levels [61] . Based on low EPI and MN levels, PAF also entails decreased adrenomedullary turnover and release of EPI.
Multiple system atrophy
Patients with MSA generally have plasma normal levels of catecholamines and their metabolites, consistent with intact sympathetic innervation [61] .
Parkinson disease with orthostatic hypotension (PD ? OH)
About 40% of patients with PD have orthostatic hypotension (OH). Patients with PD ? OH have low cardiac NE spillover [55] , low NMN levels, and low DHPG for given NE levels but have normal mean NE, EPI, and MN levels [57] . PD ? OH patients have lower plasma NE levels than do PD patients without OH [111] . Microdialysate DHPG concentrations are similarly low in PD ? OH and PAF, and the two groups also have similarly small plasma DHPG responses to tyramine and NE responses to yohimbine and virtually absent NE responses to ISO [113] . Taken together, the results support the concept of not only cardiac but also extracardiac noradrenergic denervation in PD ? OH.
After uptake into cells, L-DOPA can be metabolized by LAAAD or COMT. LAAAD converts L-DOPA to DA, and COMT converts L-DOPA to 3-MT. Both enzymes figure prominently in the clinical use of L-DOPA to treat PD. Not only do they metabolize circulating L-DOPA but they also are thought to constitute an enzymatic blood-brain barrier. The catechol hydrazide drugs, carbidopa and benserazide, inhibit LAAAD outside the brain. They are used in combination with L-DOPA to increase delivery of L-DOPA to the brain while decreasing nausea from occupation of DA receptors in the area postrema, a circumventricular posterior brainstem region that has an imperfect blood-brain barrier (This is why a brand name for a levodopa/carbidopa combination is Sinemet, from the Latin words for ''without vomiting''). COMT inhibitors (e.g., tolcapone, ENT) increase the smoothness and duration of L-DOPA effects without increasing plasma L-DOPA levels.
Autoimmune autonomic ganglionopathy
Autoimmune autonomic ganglionopathy (AAG) is a rare disease that manifests as pandysautonomia. AAG is thought to result from decreased ganglionic neurotransmission due to circulating antibodies to the neuronal nicotinic receptor [51, 123] . Preliminary data suggest that AAG differs from PAF in terms of clinical laboratory findings indicating post-ganglionic noradrenergic denervation. Both disorders feature low plasma levels of catecholamines during supine rest, but plasma levels of other endogenous catechols, DOPA, DOPAC, and DHPG, seem to be lower in PAF than in AAG, probably reflecting more severely decreased NE synthesis and turnover in PAF due to diffuse sympathetic noradrenergic denervation [54] .
Functional dysautonomias
Postural tachycardia syndrome
Postural tachycardia syndrome (POTS) is characterized by orthostatic tachycardia accompanied by multi-system complaints including chronic fatigue, exercise intolerance, and pain mainly in Caucasian pre-menopausal women. The disorder seems increasingly common [106] . Consistent with recruitment of sympathetic outflows during orthostasis, POTS patients have high plasma NE levels when upright [40] .
POTS also entails neurocirculatory abnormalities during supine rest. These include relatively fast mean heart rates and increased NE, DA, and EPI concentrations and increased cardiac NE spillover [40, 44, 52] , indicating increased sympathetically mediated exocytosis and adrenomedullary hormonal system activation in POTS patients even while they are supine.
A sub-group of POTS patients are thought to have partial sympathetic denervation and compensatorily increased cardiac sympathetic outflow [76] . A family with inherited POTS was found to have a hypofunctional mutation of the gene encoding the cell membrane NET [112] . These findings have the common feature of decreased NET activity. Although acute administration of NET inhibitors produces hemodynamic and neurochemical alterations reminiscent of POTS [108] , most POTS patients seem to have normal NET function [44] .
Neurally mediated hypotension (reflex syncope)
Neurocardiogenic syncope (also called reflex syncope, vasovagal syncope, and fainting) is the most common cause of acute loss of consciousness in adults. Between episodes, plasma levels of catecholamines and their metabolites are normal. Patients with blood sampled sequentially before tilt-induced syncope have progressive, marked increases in plasma EPI levels before syncope [53] . Simultaneously obtained NE levels increase to a smaller extent than do EPI levels (''sympathoadrenal imbalance''), while forearm vascular resistance decreases. Directly recorded skeletal muscle sympathetic nerve traffic often decreases markedly prior to or at the time of syncope [16, 99, 127] , also consistent with sympathoadrenal imbalance.
Congestive heart failure
Rates of synthesis, vesicular uptake, release, neuronal reuptake, and intraneuronal metabolism of NE have been assessed comprehensively in patients with congestive heart failure [24] . NE release and neuronal reuptake are both increased in the failing heart; however, the efficiency of NE reuptake is reduced, so that cardiac NE spillover is increased more than its estimated neuronal NE release. Cardiac NE stores are lower [14] and the rate of vesicular leakage is accordingly also lower in the failing than in the normal heart. Cardiac spillover of DOPA and NE turnover are increased. Thus, in congestive heart failure, increased neuronal release of NE and decreased efficiency of neuronal NE reuptake both contribute to increased delivery of NE to its receptors. Decreased vesicular leakage of NE secondary to decreased myocardial NE stores limits the increase in cardiac NE turnover. Decreased NE store size in the failing heart appears to result not from insufficient TH activity but from chronically increased NE turnover and reduced efficiency of NE reuptake and storage.
Among patients with congestive heart failure those with high plasma NE levels have a worse prognosis [15, 75, 121] . This may reflect a positive feedback loop involving greater recruitment of sympathetic noradrenergic outflows to maintain cardiac performance and deleterious long-term effects of cardiac sympathetic stimulation.
Stress cardiopathy
The term takotsubo cardiomyopathy refers to a relatively recently described form of acute, reversible cardiomyopathy, in which apical akinesia gives the heart the shape of a takotsubo, a Japanese fishing pot for trapping octopus. Takotsubo cardiomyopathy occurs mainly in elderly women soon after exposure to severe emotional distress [2] . Symptoms mimic acute myocardial infarction, but coronary angiography fails to demonstrate coronary occlusion. The condition can trigger sudden cardiac failure or death, yet in survivors cardiac function typically normalizes within a few weeks. Takotsubo cardiomyopathy features remarkably elevated plasma levels of NE, EPI, and DHPG [129] , consistent with extreme sympathetic nervous and adrenomedullary hormonal activation that could produce catecholaminergic cardiotoxicity.
Surgical sympathectomies
Patients with surgical sympathectomies have low plasma levels of DA and NE [49] , whereas EPI:NE ratios are increased (unpublished observations), suggesting decreased sympathetically mediated exocytosis and compensatory adrenomedullary activation.
Conclusions
Much of the history of scientific medicine over the past century can be written in terms of milestone discoveries based on catecholamine research. There are several reasons for this remarkable history. Catecholamines constitute the only neurochemical messengers where virtually all steps in an entire functional cycle are amenable to detailed scientific study, from central neural changes to nerve impulses to transmitter release to transmitter deactivation to receptor function to cellular activation to afferent information back to the central nervous system. Genes encoding catecholamine synthesizing and metabolizing enzymes, transporters, and receptors have been identified, enabling studies of pathogenetic mechanisms linking genotypic changes with specific neurochemical phenotypes. The adrenomedullary hormonal and sympathetic noradrenergic systems, two of the most powerful and rapidly-acting of the body's ''stress'' systems, use the catecholamines EPI and NE as the main effector biochemicals, and NE and DA are classical central neurotransmitters that participate importantly in movement, attention, memory, mood, and responses to stressors. Catecholaminergic systems provide models for three ways by which the body regulates the internal environment, via neurotransmitters, hormones, and autocrine/paracrine factors. Finally, as highlighted in this review, measurement of plasma levels of L-DOPA, catecholamines, and catecholamine metabolites help elucidate effects and mechanisms of action of drugs and enhance diagnosis and understanding of pathophysiology of many clinical disorders.
